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ABSTRACT	  
	  
	   Increasing grain yield in soybean is an important breeding goal for plant breeders.  
While identification of yield QTL can result in identification of genomic regions for 
increasing yield, these regions are often not consistent across environments due to genetic 
and environment interactions. Water limitation for crop growth is one such environment in 
which yield QTL are not consistent. Water limitations during grain fill can be especially 
devastating to the final yield of a crop.  The objective of this study was to identify and then 
map QTL in three families of recombinant inbred lines (RILs) developed from two plant 
introductions and one line originating from a commercial variety from the University of 
Missouri all crossed to IA3023.  QTL mapping was done with yield data and ureide 
concentration. One set of data was obtained from a small field study in Nebraska created for 
the purpose of limiting water to the crop. The second set of data was opportunistic data from 
a larger study spanning many states in the Midwest over 3 years. For QTL mapping, the 
families included F5 lines developed using IA3023 as the common crossing parent and 
selected for similar maturity.  The three families were created with PI 427.136, PI 404.188A, 
and LD00-3309.  The three bi-parental populations were evaluated with 4,363 informative 
SNP markers for yield and ureides during 2 years in Lincoln, Nebraska and for yield and 3 
years at 9 locations across the Midwest.  Genotypic and phenotypic data were analyzed using 
rQTL to identify major QTL. Clustering environments was used in the larger dataset for 
separation of like environments.  Two phenotypes focused on QTL mapping. Those were 
ureide levels and grain yield. For water limited and adequate water environments 23 QTL 
were identified through both studies for ureides and yield. 
 1 
CHAPTER	  I	  
	  INTRODUCTION:	  BACKGROUND	  AND	  MOTIVATION	  Impact	  of	  Water	  Limited	  Environments	  on	  Soybean	  Grain	  Yield	  
Soybean is grown primarily for oil and protein consumed by humans and domesticated 
animals.  The United States is the largest soybean producer in the world. There are 75 million 
acres of soybean in the United States. In 2013, over 3 billion bushels of soybeans were harvested 
in the United States, which is a billion bushels more than produced in 2003. Soybeans provide 
90% of the US oilseed production and 35% of the world’s total (EPA, 2013).  Soybean is a 
legume capable of harvesting nitrogen through a symbiotic relationship with rhizobia bacteria. 
The symbiotic relationship is a valuable resource for soil fertility, but is also associated with high 
plant sensitivity to limited water environments (Specht et al., 2001).  
The term drought can have multiple meanings including lack of precipitation, timing of 
precipitation, limited soil water holding capacity, limited plant available water, and high levels of 
evapotranspiration. To avoid specific misinterpretations with terms like drought resistance or 
drought tolerance, herein a more generic phrase of “water limited” is used to characterize the 
environment in which at least one of the drought conditions exist.  Plant physiologists have 
learned that impact of limited water during growth and development has a more severe 
consequence on legumes than any other types of crops (Specht et al., 2001).   
After initial germination and emergence of the cotyledons, soybean physiologists have 
agreed on characterizing eight reproductive stages (Fehr et al., 1971).   As soon as a flower 
appears at any node physiologists recognize the plant as being in the first reproductive stage 
(R1). Reproductive stage eight (R8) is characterized by senescent leaves throughout the plant and 
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is considered developmental maturity.  The peak of flowering occurs at the end of Reproductive 
stage two (R2). The appearance of developing pods represents R3.  R4 to R6 represent pod-
filling stages. R7 is characterized as the beginning of maturity, where the top of the plant begins 
to senesce. Any environmental stresses during R5 and R6 will result in significantly reduced 
grain yield (Fehr et al., 1971). 
There are several mechanisms that can enable soybean to produce grain in limited water 
environments. Escape is a mechanism that has been used by breeders. This is planting of earlier 
maturing cultivars for a given region (Rowntree et al., 2013). Avoidance is a mechanism that the 
plant uses to maintain osmotic potential in a limited water environment. Often avoidance 
strategies are associated with a lower grain yield potential because they reduce the plants 
metabolism to maintain water supplies. Tolerance represents a plant-controlled mechanism to 
optimize its water transpiration rate with biological, physiological and/or biochemical responses 
(Specht et al., 2001).  This mechanism would be most beneficial for seed grain yield 
maximization.  
Water Use Efficiency (WUE) is a human metric that attempts to evaluate how well a 
plant can use one molecule of water.  WUE is not constant during the season. There is a rapid 
decrease in WUE during reproductive stages, which reduces yield due to fewer pods or pod 
abortion  (Manavalan et al., 2009).   
Drought tolerance is likely influenced by unknown and multiple genotypic, 
developmental, environmental, and physiological factors. A danger when phenotyping for WUE 
is selecting against grain yield. There are plant processes that slow the plant’s metabolism for 
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survival. This is not advantageous when trying to produce seed. It is also not relevant in crops 
produced for seed.  
QTL Mapping for Grain Yield in Multiple Environments 
Grain yield is a trait that is a product of many biosynthetic pathways and the interactions 
of these pathways with the environment.  When QTL mapping a highly quantitative trait such as 
grain yield, QTL that are discovered in a greenhouse or growth chamber may be specific to the 
artificial growth environment. Inconsistent QTL across environments has shown to be true in 
many QTL mapping studies.  In research for maize (Melchingar et al., 1998), cotton (Paterson et 
al., 2003), oat (Zhu and Kaeppler, 2003), rice (Zhuang et al., 1997), soybean (Reyna and Sneller, 
2001), sunflower (Leon et al., 2001), and wheat (Campbell at al., 2003) large QTL by 
environment interactions have been detected. Therefore when searching for yield QTL it is more 
appropriate to evaluate traits of interest across many environments.  
Many limited water studies have been conducted in the greenhouse where water can be 
carefully monitored along with nitrogen fixation and environment interactions limited. While this 
has value for trait research it will not be useful unless it translates to field response. Often, 
because of the high level of environment interactions and epistatic interactions, the translation of 
greenhouse work to field is not successful with highly quantitative traits.  It was found in a study 
with common bean that using diverse field data with a highly saturated map and collecting 
information over different kinds of drought had more consistent QTL  (Mukeshimana et al., 
2014). 
The soybean nested association mapping project includes 18 diverse environments and 40 
different families that have the same hub parent. In other words, all 5600 lines are maturity group 
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three half sibs.  This relation gives the ability of association mapping along with linkage 
mapping of quantitative traits. The diverse environments provide understanding of environment 
by QTL interaction.   
In an effort to gather as many yield alleles into one cultivar, soybean breeders evaluate 
and select soybean lines grown across multiple environments for purposes of identifying lines 
that yield well no matter what the environmental conditions. Because grain yield stability of the 
cultivar depends on chance exposures to various environmental conditions, it is possible that a 
cultivar may not experience the level stress needed at the right time to uncover a weakness in the 
yield stability. For example, one very common weakness is the performance of soybean varieties 
in water-limited environments.  As a consequence, cultivars can be commercialized before they 
are evaluated in limited water environments.  If the genetic alleles responsible for the ability to 
produce grain yield in limited water environments can be identified, then it should be possible to 
select for grain yield stability in limited water environments using molecular markers during the 
cultivar development process; the limitations to cultivar development imposed by infrequent and 
unpredictable timing of drought can be overcome. .  
Genetic variation for WUE has been observed (Specht et al., 2014). Thus, WUE is a trait 
that can be incorporated in a selection strategy.   
While it may be that the answer is a combination of these strategies, the goal is to find a 
genotype that produces a phenotype that allows for high grain yield stability across locations.  
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CHAPTER 2 
 
GENETIC AND ENVIRONMENT INTERACTION IN QTL MAPPING 
 
 
 
Introduction 
Soybean is grown primarily for oil and protein consumed by humans and domesticated 
animals.  As a commodity crop, grain yield in soybean is the single most important trait because 
return on the investment of growing the crop is based on the number of bushels per acre that a 
farmer harvests.  There are many agronomic traits that affect grain yield, e.g., resistance to 
pathogens, seeds per pod, pods per plant, plants per acre, etc. None-the-less, the product of all of 
the components is ultimately represented in the grain harvested by the farmer.  Grain yields of 
soybeans grown in Maturity Zones II and III have been steadily increasing for almost 9 decades 
(USDA, 2014). It has been estimated that about one third of the increase is due to management 
practices while two thirds is attributed to improved genetics through plant breeding (Specht et 
al., 2014).  
Phenotypic values of quantitative traits, such as grain yield, are usually modeled:  Yijk = 
Gi + Ej + GEij +eijk , where Gi represents the ith genotype and Ej represents the jth environment. 
GEij represents a deviation from the expected phenotype based on the genotypic and 
environmental values for the ith genotype grown in the jth environment.  eijk represents a residual 
value not accounted for by the other parameters in the model.  Estimation of eijk requires 
genotype and environment combinations to be replicated by k experimental plots within the 
environments.  Assuming the parameters are independent and eijk ~ i.i.d. N(0,s2), the variance 
among phenotypes is V(Y) = V(G) + V(E) + V(GE) + V(e).   If different genotypes produce 
different phenotypic values within an environment, then genotypic effects are recognized. 
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Environmental effects are recognized when a single genotype produces different phenotypes in 
different environments. If genotypes respond differentially across environments i.e., the relative 
performance of varieties depends on the environment then a Genotype by Environment (GxE) 
interaction is recognized (Bernardo, 2002). For example, in a report on soybean field trials in 
Thailand, using recommended soybean varieties for the environment’s maturity zone, only 3% of 
the variance from the model components could be assigned to variability among lines, 76% to 
environments and the remainder to GxE interactions (Ivory et al., 1991).  
Given the importance of environmental effects on genotypes, a practical challenge is to 
group environments based on similar performance (or ranking) of the genotypes within groups of 
environments. If grouped correctly, there will be little evidence of GxE interactions within the 
subset of environments. Additive Main effects and Multiplicative Interaction effects (AMMI) 
analysis with biplot visualization represents a method that was explored extensively in the 
literature during the 1990’s (Gauch, 1992).  Using this method the estimated interaction of fixed 
effects are plotted after estimated additive main effects are removed from the phenotypes. While 
AMMI can be useful for situations involving a small number of selected, i.e., fixed effect, 
genotypes and environments, it is difficult to interpret the bi-plots for random effect and mixed 
effect models consisting of large numbers of genotypes and environments (Cooper and Delacy, 
1994; Yang et al., 2009).   
Another method of grouping environments is based on K-means clustering (Hartigan, 
1975).  The application of the technique is described by Hartigan and Wong (1979). In brief, the 
Squared Euclidian Distance (SED) is derived for all pairs of environments based on differences 
in phenotypic values of all genotypes grown in the environments. The resulting distance matrix 
among all pairs of environments is then used in a clustering algorithm such as K means. With 
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this strategy rank changes can be distinguished and random effects can be used in modeling 
terms.   This strategy has been shown to be effective in tomato and maize (Paterson et al., 1991). 
Partitioning environments for seed yield in soybean has also shown the stability of yield changes 
with differing environments (Ashraf et al., 2010). 
There exist a large number of physical characteristics that can be evaluated at field sites 
in which grain yield and other agronomic traits are evaluated.  Many of these were recorded in 
the SoyNAM project and will be reported elsewhere.  Herein, we were less interested in how 
humans evaluate environments and more interested in plant responses to environments.  Cooper 
and DeLacy (1994) summarized the large number of analytical techniques that had been 
proposed to study genotypic responses to environments (GxE) effects.  Further, they synthesized 
a set of recommendations for situations in which a large number of genotypes are evaluated in a 
large number of environments.  For such situations classification, i.e., clustering (DeLacy and 
Cooper, 1990) pattern analyses, based on environment-standardized SED was recommended.   
Because GxE interactions represent a deviation from the expected genotypic and 
environmental influences on the phenotype, plant breeders attempt to minimize the influence of 
GXE in cultivar development projects through two strategies: broad adaptation and specific 
adaptation (Simmonds, 1991). The goal of broad adaptation is to identify the rare genotypes that 
produce consistent desirable phenotypes across all environments. The goal of specific adaptation 
is to identify genotypes that produce desirable phenotypes within targeted environments. For 
example, soybean breeders utilize a specific adaptation strategy for maturity. Maturity zones 
have been identified based on latitude and genotypes are evaluated based on their adaptation to 
distinct maturity zones. Not all environmental influences are as predictable as latitude.  For 
example, Plant physiologists have learned that limited water during growth and development of 
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seed has a severe consequence on yield (Specht et al., 2001).  Within a maturity zone, the 
environmental factor with the largest impact on soybean grain yield is plant available water 
(Specht, 2009). In particular, if the developmental phases of genotypes are in R5 and R6, there 
will be significantly reduced grain yields (Fehr et al., 1971).  Since it is not possible to predict 
whether precipitation will coincide with the timing of grain filling during the growth of various 
soybean genotypes, broad adaptation has been the breeding strategy with respect to 
environmental conditions such as precipitation.  
QTL have been identified most extensively using segregating progeny from designed bi-
parental crosses and concerns about GxE interactions exist for identification of QTL (Beavis and 
Keim, 1996) using this approach.  It is important to question whether QTL are identified 
consistently across all types of environments. Can consistent QTL be distinguished from QTL 
that are associated with specific types of environments?  If GxE interactions are ignored in QTL 
mapping studies, valuable information can be lost. For example, in a maize study, 30% of the 
QTL detected would have been undetected if phenotypes from all environments were averaged 
prior to QTL mapping (Moreau et al., 2004).  In a QTL environment interaction study conducted 
in Minnesota and Chile in the 1990’s Orf et al., (1999) found that QTLs for agronomic traits 
such as height and seed weight were consistently identified in both the Minnesota and Chile 
environments. However, yield QTL were consistently identified in the Minnesota environment 
and not in the Chile suggesting that the yield QTL identified in the Chile environment would not 
be appropriate for selection in Minnesota.  
During the last two decades there have been at least 180 reported QTL in 39 different 
studies on identification of Quantitative Trait Loci (QTL) for grain yield in soybean  (Grant et al, 
2009).  Funded by the USDA-ARS, Soybase has been developed and maintained by Grant et al., 
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2009. Soybase represents a single public resource that enables comparison of grain yield and 
yield component QTL from all published studies.  Half of the QTL studies were based on 
multiple populations and use RILs and linkage mapping to detect QTL.  Of the 180 yield QTL, 
90 were detected within multiple population studies despite the knowledge that maturity has a 
strong influence on yield, only one reported yield QTL study distinguished yield QTL by 
maturities. (Kim et al., 2012).  Soybase also includes 18 yield QTL that were found in a study of 
water limited vs. adequate water environments. QTL found in this study were located on 
chromosomes 2, 7, 9, 11, 18, 19 and 20 in RILs derived from a cross between Kefeng and 
Nannon (Due et al., 2009). However, specific soybean yield QTL for maturity zones 2 and 3 
were not found.  
In addition to reporting QTL, since the sequencing of Williams 82 Soybase has provided 
annotated SNP marker gene calls for reported QTL studies (Table 2.1). Although all of the 
reported markers for the Ureide trait are distinct, it is possible that the QTL studies that identified 
them were actually reporting associations with the same single functional locus. Further, the 
yield, drought, and ureide gene calls could all be a response to distinctive or similar 
environments; characterization of environments in which the QTL have been identified have not 
been included in the curation process. None-the-less, based on Soybase it is possible to 
hypothesize that chromosome 2 and 14 contain genetic factors that control a biosynthetic 
pathway that is activated in water limited environments.   
Association mapping is a second approach used to identify QTL. While QTL 
identification based on linkage created by crossing pairs of inbred lines has been used 
extensively in soybean, researchers working with rice, barley, and wheat, have identified yield 
QTL using a Genome Wide Association Study (GWAS) (Parker et al., 1999) ( Kuchel et al., 
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2007) (Agrama et al., 2007). GWAS provides the ability to develop a high resolution map but 
requires a very high marker density and offers little power for accuracy of detection like linkage 
mapping can offer (Guo et al., 2010). 
Given the relative strengths and weaknesses of designed bi-parental and GWAS 
approaches to identify QTL, a hybrid approach nested association mapping (NAM) was 
proposed (Yu et al, 2008).  The first NAM population was created in Maize (Yu et al., 2008). 
The maize NAM consists of 25 families derived from a set of inbred lines representing extremely 
diverse maize germplasm. Each family consists of 200 RILs and exhibits a broad range of 
maturities.  It has been used to identify QTL for flowering time (Buckler 2009), abscissic acid 
levels during drought (Setter, 2010) carbon and nitrogen metabolism pathways (Zhang, 2010) 
increased beta-carotene production (Yan, 2010), aluminum tolerance (Kril et al., 2010). Due to 
the diverse nature of maturity, many families or members of families in maize NAM are not 
adapted to most trial environments, nor do the RILs belong to a heterotic pattern. Thus, maize 
NAM has not been used to successfully identify QTL for traits, such as grain yield, that are 
associated with maturity and dependent on testcross evaluations.  
Recognizing the limited utility of maize NAM for identifying yield QTL, the soybean 
community developed a NAM population adapted to maturity zone 3.  The SoyNAM population 
consists of 40 families derived from crosses of 40 lines with IA3023. Each family consists of 140 
RILs that were evaluated with their parents and maturity checks in MZ3 environments in 
Nebraska, Iowa, Missouri, Illinois, Indiana, Michigan and Ohio during 2011, 2012 and 2013 
(Table 2.2). The complete set of families and RILs were evaluated in a core set of environments, 
while subsets of families and RIL’s were evaluated in the remaining environments. Figures 2.1 - 
2.6 show the number of lines grown in all SoyNAM environments along with precipitation data 
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from National Oceanic Atmospheric Administration (NOAA) for the environments for 2011, 
2012 and 2013.  
Many of the SoyNAM environments were water limited.  For example, during 2011 half 
of the SoyNAM RILs were grown in an irrigated field in Nebraska and a non-irrigated field in 
Illinois (Figure 1). The field in Illinois experienced limited rainfall from planting in April and 
through reproduction stages at the end of August and the beginning of September. Differences 
between the two environments for yield among the check varieties and replicated RILS was 
large. In particular, the RILs that were developed from the line LD00-3309 showed great 
sensitivity to the limited water environment while the RILs developed from the exotic 
germplasm from South Korea had a lesser yield drop percentage in the water limited 
environments. There was potential for interactions of soybean genotypes with environments 
under limited and adequate water conditions. The question after reviewing the 2011 data: Are 
there yield QTL that are present in the water limited environment that are not present in the 
adequate water environments?  
The purpose of the study reported herein was to identify and compare QTL in water 
limited and adequate water environments using marker and yield data from three of the SoyNAM 
families. Yield data were obtained from 18 of the original 20 environments; two environments 
were lost to storm damage. The three families were selected for this study based on their 
performance in the Nebraska and Illinois environments during 2011. 
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Materials and Methods 
The Soybean Nested Associated Mapping (SoyNAM) project was initiated with funding 
from the United Soybean Board and involved public soybean breeders from AR, IL, IA, IN, IL, KS, 
MI, MO, NE, OH, TN and VA. In many ways it was based on the maize NAM project (Yu et al, 
2008). In addition to the crop species, the primary distinction of SoyNAM was the explicit goal 
to evaluate yield using materials adapted to a single Maturity Zone (MZ), so that quantitative 
adaptive traits, such as yield would not be confounded with maturity. IA3023, a high grain 
yielding Iowa State variety adapted to MZ III, was chosen as the reference (hub) parent. Possible 
parents to cross with IA3023 were identified by public soybean breeders based on their 
understanding of which cultivars and Plant Introduction (PI) accessions had the potential to 
combine with IA3023 to produce progeny with high grain yield in MZ III. The 120 suggested 
cultivars were assayed with 1,536 single nucleotide polymorphisms (SNPs), which were used to 
determine similarities (genetic distances) among the lines.  Based on the similarities between all 
pairs of lines, a cluster analysis was used to select 40 cultivars representing the genetic diversity 
among the possible adapted parents. These 40 cultivars included 17 high grain yielding parents 
from 8 states, 15 lines with diverse ancestry from Randy Nelson’s USDA program and eight 
PI’s.  
Crosses were made by the breeders in Tennessee, Ohio, Indiana, Illinois, Nebraska, 
Kansas, Missouri, and Michigan. The F1 seed from each cross were grown in greenhouses in 
Illinois and Nebraska during the winter of 2008-2009. 700 to 1000 F2 seed from each family 
were grown in in the field in Illinois and Nebraska during 2009. About 500 F2 plants from each 
of 40 families, which exhibited appropriate plant maturity were harvested.  One F3 seed from 
each of the 15,000 (40 families x 500) F2 plants was grown in Illinois and Nebraska in 2009. The 
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F3 and F4 plants were grown in Puerto Rico during the winter of 2009-2010 and the F5 in the 
field in Illinois and Nebraska during 2010. At least 140 RILs as well as the parents represented 
members of each family.  The RILs within each family represent selfed full-sibs, and the RILs 
from different families represent selfed half-sibs. All RILs and parents were genotyped with a 6k 
chip in which, 150 bp paired-end reads were aligned to the Williams 82 whole genome sequence 
(Glyma1.01 
For purposes of this QTL study, three families were chosen based on relative yield 
performance of ½ of their RILs in 2011 at water limited (Illinois) and irrigated (Nebraska) field 
trials. Two families, derived from IA3023xPI 427.136 and IA3023xPI 404.188A were chosen for 
the greater performance in the water limited Illinois environment relative to the other 38 
families. PI 427.136 is an accession collected from South Korea and PI 404.188A is an accession 
collected from China. The third family, derived from IA30232xLD00-3309 was chosen for it’s 
relatively poor performance in the Illinois water limited environment in 2011.  LD00-3309 is a 
varietal release from the University of Illinois. Urbana-Champaign.  
 
Genotyping and Linkage Maps 
Parental lines and RILs were assayed using a 6k SNP chip. Leaf tissue was collected in 
Illinois and Nebraska and genotyped using the 6k SNP Infium chip. Because each of the SNP 
markers have been aligned to the Williams 82 reference sequence, we assumed allele order was 
correct.  60bp  sequences were extracted flanking each SNP based on the Glyma1.01 assembly, 
and aligned using the sequence in Megablast software, the position of the SNP was determined if 
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the 121 bp sequence was perfectly aligned to the Wm82.a2.v1 assembly (Qijian Song, personal 
communication, 2015). 
Field Trial Designs 
  RILs from each family were divided to four sets. Five check cultivars were added to each 
set.  The check cultivars included appropriate maturity checks and the parents of the family 
assigned to the set. Based on preliminary data from the two 2011 environments, families were 
grouped into early, middle and late maturing groups.  This was done to ensure that competition 
between extremely early and late maturing RILs did not occur in adjacent two row plots and to 
ensure that the logistics of harvesting the large numbers of plots would proceed in manner 
consistent with the maturity of the families. Within each maturity group, each set of 40 entries 
was usually randomly assigned to field blocks consisting of 40 plots.  Each block was usually 
arranged in the field as 10 plots wide (50 feet) and 4 ranges deep.  Within each block 35 RILs 
and five check cultivars were randomly assigned to individual plots. Each plot was seeded with 
280 seeds corresponding to a seeding density of 140,000 plants per acre. There was a 10-foot 
border in which the IA3023 parent was grown on each side of the field trials.  
The number of blocks per maturity group and environment depended upon the number of 
families and RILs per family evaluated in each environment. For example, in 2011, 70 RILs 
were evaluated in Nebraska and Illinois. In 2012 140 RILs were evaluated for all 40 families in 
Nebraska, Illinois, Iowa, and Indiana. A subset of RILs and checks were evaluated in Kansas, 
Michigan, Missouri, and at two sites in Ohio. In 2013, 140 RILs were evaluated for yield for all 
40 families in Illinois, Iowa, and Indiana. A subset of families and RILs within families were 
evaluated in Kansas, Missouri, at two sites in Ohio. In total 18 Environments were used to 
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evaluate the SoyNAM population.  For purposes of the research reported herein, the numbers of 
RILs evaluated for each of the three selected families that were evaluated for yield in each of the 
environments is reported in table 2.2.  Because there very few of the RILs from these three 
families evaluated in Michigan and Missouri, these environments were not included in the QTL 
analyses.  
Environmental Characterization 
Herein, we were interested in differential plant responses to environments as a basis for 
categorizing (clustering) environments and utilize information on precipitation (or irrigation) to 
interpret environments that cluster together based on dissimilarities of genotypic responses 
between all pairs of environments.    In particular, we calculated the SED between all pairs of 
environments based on the genotypic responses of the RILs, parents and checks that were in 
common between each pair of environments.  We then clustered the resulting matrix of paired 
SEDs among all possible pairs of environments based on an agglomerative hierarchical grouping 
strategy (Ward, 1963).  Because we were also interested in clustering environments based on 
(lack of) consistency in ranking among entries in common to all pairs of environments, we also 
calculated the esSED (Fox and Rosielle, 1982; Delacy and Cooper, 1990) between  all pairs of 
environments.  We also utilized Ward’s method (1963) to visualize the clusters of most similar 
environments.   
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Phenotypic Data and Analyses 
Grain yield was obtained for all plots at each of the environments. We used a mixed 
linear model to obtain predicted yield values adjusted for field blocks for all of the RILs in these 
three families.  Based on clustering results, we evaluated phenotypic variability within and 
combined across clusters of environments using a mixed linear model:   
!!"# =   ! +   !! +   !! +   !!" +   !! +   (!")!" +   !!"# 
where yikl represents yield evaluated at the water limited cluster or the other cluster , m is a fixed 
effect parameter for the overall mean, ek represents environment k,  fl represents family l, bjk 
represents field variability derived from check model for environment k and block l, gi represents 
genotype i, rikl error.  The model was implemented using the Lme4 package in R (Bates et al., 
2007) to obtain Best Linear Unbiased Predictors of yield for use in QTL analyses.   
Genotypic Data 
5,600 SNPs were sent for genotyping to the USDA Lab on the 140 lines and 40 families 
in  SoyNAM.  Allele calls were made on 5, 305 different markers for 40 families. These allele 
calls included major allele, minor allele, heterozygous allele calls or missing allele calls for a 
marker with there being calls for that same marker in other lines.  Examined by family, all lines 
were compared to the hub parent IA 3023. If the allele differed from IA 3023 it was considered 
to be from the second parent in the family. For QTL analysis with rQTL, data was changed in 
this way so that “A” then reflected homozygosity for the hub parent or reference parent and “B” 
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reflecting homozygosity for the “other parent” (Broman et al., 2003). Heterozygous allele calls 
were deleted along with markers that only had data for one parent, this resulted in a reduction to 
4,306 markers that were polymorphic in at least one line from the 3 families used in the  NAM 
data. R code to change all markers from major to minor alleles to referencing IA3023 hub parent 
was written and executed in R code by Reka Howard from the George F Sprague Population 
Genetics group at Iowa State University.  
a. !!|!! =   ! + !!!! + !"!! +   !! 
b. !!|!!= phenotype given gentoype 
c. !!!  = -1, +1 according to whether !! is aa (for IA3023), bb (Other Parent).  
 
QTL Analysis 
BLUP values for each of the environmental types and for the combined analyses were 
merged with genotypic data for each of the RILs.  The resulting data sets were used to identify 
significant associations between BLUP values for yield with segregation of marker genotypes, 
i.e. QTL.  Explicitly, QTLs were identified using the composite interval mapping function 
implemented in rQTL (Broman, 2013) with a blocking window of 20 cM. Three co-factors or 
other markers that were associated with the trait were selected by forward and backward 
regression with a p value of  .01. This is the use of interval mapping with regression to reduce 
background noise. This is also called composite interval mapping or CIM.  
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Results 
Analysis of variance, of all environments, contained over 60,000 data points for grain 
yield in 18 environments. This was for the entire SoyNAM dataset from 2011-2013. Common 
check lines were contained in all environments. Distribution of these check lines were analyzed 
in order to determine field variability (Figure 7). Grain yield clustering was used to determine 
what environments were most alike with the goal being to separate common grain yield clusters 
into like environments. Grain yield clusters were determined by developing Euclidean distances 
between all lines in all environments, including checks, and then grouping these distances into 
similar numbers.  This method compares how each line performed in each environment and 
groups environments by similar performance for one line across environments.  These clusters 
developed are shown in figure 2.9 and 2.10. Clustering grain yield means resulted in two major 
clusters.   Figure 2.9 shows the clusters based on non-standardized Euclidian distances giving the 
average difference among the wet and dry environments. Figure 2.10 shows the clusters based on 
standardized Euclidean distances and reveals the inconsistent rank changing between the lines.  
Phenotypic data was assessed jointly and best linear unbiased predictions (BLUPS) were 
calculated from each genotype within a treatment so that QTL mapping could be done separately 
for each treatment showing significant QTL regions varying by environment (Table 2.3).  After 
QTLs were located on the genetic map in environments for grain yield, they were located in the 
physical genome aligned with Williams 82 and the nearest 5’ marker for other documented QTL 
in soybase.org were reported  (Table 2.4). 
There were different grain yield detected for the water limited cluster vs. the other 
environments for the families PI 404188A, PI 427136, and  LD00-3309. QTL for grain yield 
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were detected on chromosomes 10 in family PI 427136 and 17 in family LD00-3309 in adequate 
water environments (Table 2.3, Figure 2.11, Figure 2.12, Figure 2.15,  Figure 2.16, Figure 2.20, 
and   Figure 2.21). QTL for grain yield were also found for 1  in family PI 404188A and 18 in 
family LD00-3309 in limited water environments (Table 2.3, Figure 2.11,  Figure 2.13, Figure 
2.14,  Figure 2.16, Figure 2.17, and   Figure 2.18).  
The QTL detected were then listed with the QTL in soybase located in the same  
chromosomal regions (Table 2.4). There were QTL in Soybase on 17 for seed yield from RILS 
created with Noir1, Archer and Minsoy cultivars (Orf et al., 1999). This study was not focused 
on environment or maturity.  
There are QTL found in soybase on 1 and 18.  The QTL 21-4 for yield QTL was a seed 
composition study (Reinprecht et al., 2006). The drought index 1-1 QTL in Soybase on 
chromosome 1 was located in a drought susceptibility study in a biparental population (Du et al., 
2009). This study utilized a drought index and yield simultaneously.  
Discussion 
For more accurate analysis and reduction of rank changing in lines, analyzing 
environments closet in clusters is the goal with the balance of enough repetitions in each cluster 
to have informative data.   After review of the commonality between environments that clustered 
together, it was determined that precipitation amount had a large effect on grain yield. The 
smaller cluster were environments that experienced significant water limitations during the 
growing season including the reproductive phases of the plants in those fields. The other clusters 
did not have the same level of water limitations. There were the four water limited environments 
and the thirteen adequate water environments. The QTL detected for yield in the water limited 
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cluster in families PI404188A and LD00-3309 were not detected in the other cluster. QTL for 
yield in dry environments in maturity zone three soybeans may not be the same for adequate 
water environments.  GxE was significant and caused different results in the two clusters.  
 
Conclusion 
The source of significant QTL is reported in table 2.3. In general, family PI404188A and 
LD00-3309 had the significant QTL for water limited environments. This was unexpected since 
LD00-3309 was selected for its poor performance in the 2011 Illinois SoyNAM field. LD00-
3309 was a family created from elite cultivars vs. plant introductions like the other two families. 
This previously accumulated yield QTL could be a reason for the discrepancy.  PI427136 had the 
most appearances in top grain yield rankings for water limited environments when looking at all 
lines and check varieties across the 3 families.  However, yield QTL were not located in this 
family in water-limited environments.  One reason could be lack of line diversity within the 
family causing detection  of QTL to be difficult.   
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CHAPTER 3 
GRAIN YIELD QTL MAPPING WITH GXE AND PHENOLOGICAL CONSIDERATION OF 
UREIDE ANALYSIS 
 
 
Introduction 
High ureide content in legumes is associated with water stress (Purcell and Sinclair, 
1994).  Some examples include: peanut varieties with diverse response to water limited 
environments (Devi et al., 2009); high ureide accumulation as a response to water limited 
environments in Phaseolus vulgaris L., (Alamillo et al., 2010) and lack of ureide accumulation 
has been associated with water use efficiency (WUE) in soybean (Specht, 2001). The 
relationship between ureide accumulation and response to water limitation is hypothesized to be 
a result of alterations to the nitrogen fixation cycle that occurs with rhizobium (Purcell and 
Sinclair, 1994). In other words, the nitrogen-fixating capacity of the symbiotic relationship in the 
roots is directly affected by limited water.  
Ureides represent waste products of nitrogen fixation and provide a major transport 
system of nitrogen (Serraj, 1998). The plant normally breaks down ureides unless decreased 
water potential inhibits the degradation process. It has been suggested that accumulation of 
ureides in the plant results in a feedback to the nodules and this feedback causes the nodules to 
reduce or stop nitrogen fixation, which then reduces grain yield (Purcell et al., 1998). The 
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hypothesis of inhibition of nitrogen fixation due to ureide accumulation has been validated in 
several experiments (Purcell and King, 1996): Plants under water stress with higher levels of 
ureides do not produce as much grain yield as those that are able to reduce their levels in a stress 
event.   
 
When plants do not have adequate water they are not able to eliminate excess nitrogen as 
waste products, which results in accumulated ureides in leaves. In water-limited environments, 
the accumulation of ureides can be measured to provide information about the level of stress that 
the plant has experienced. Ureide accumulation in leaves is most informative during reproductive 
phases. Analysis of ureides during reproduction is correlated with overall nitrogen fixation of a 
plant during the growing season (Glenister and LaRue, 1986). Sampling plant leaves and 
evaluating their ureide content during pod-fill has been shown to provide an accurate estimate of 
total ureide accumulation within the plant (Unkovich et al., 2008).  
Ureide accumulation or better use of photosynthates, during periods of limited water, are 
genetically controlled by many intermediate chemicals and diverse pathways. Response to water 
limited environments is not constant throughout the plant’s life or in all environments (King and 
Purcell, 2005). Flux through biochemical pathways change in response to stress and stages of a 
plant’s life. Therefore, in the search for the genetic control of ureide biosynthesis and 
degradation, it is important to take plant samples that have the most information from the result 
of the nitrogen transport system. This produces an accurate relationship, for the purpose of QTL 
mapping, with phenotype and genotypic markers.  A study of phenology with phenomics related 
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to genotype by environment interactions is the best way to ensure the accuracy of ureide QTL for 
the nitrogen transport system in legumes.  
Ureide Biosynthesis 
Some aspects of Ureide biosynthesis are known (Figure 3.1). One ureide biosynthetic 
pathway begins with an inosine 5’ phosphate and ends with the ureide, S-allantoin  (Yang, 1997). 
There are many steps in this process and many places that the reaction could be reduced or 
slowed. Some experimental evidence has been linked to Chromosome 8 and 15 for (IMP 
dehydrogenase) IMPDH portion of the pathway (Cao, 2001). Chromosome 2, 15, 13 and 19 have 
been linked to production of  xanthine dehydrogenase. Chromosomes 20 and 10 have been 
connected with ureate hydroxylase later in the pathway after urates have been synthesized from 
xanthine (Triplett et al., 1982) hydroxyisourate hydrolase (HUHase) is created when a water 
molecule attaches to an oxygen molecule to  make 5-hydroxyisourate. This is one of the final 
steps before S-allantoin is produced as a waste product and a possible set of steps to focus on for 
this biosynthetic pathway because  lack of water would prevent urate from converting into the 
transportable S-allantoin in the HUHase step of the pathway. Sarma et al (1999) showed that 
HUHase is the final nitrogen transport molecule in the ureide biosynthetic pathway.  This final 
step requiring water and HUHase production has been associated with and physically mapped to 
Chromosome 2 (Sarma et al., 1999) . A source for HUHase is in the root nodules (Raychaudhuri 
and Tipton, 2002). 
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QTL from Drought Studies 
In addition to the QTL  that have been identified in the ureide synthesis pathways from 
soybase (Figure 3.1), there are 33 “drought” QTL that have been putatively associated with gene 
calls throughout the genome (Grant et al,. 2009) along with 180 “seed yield” QTL. Seed yield is 
a vague term.  The genomic locations of QTL are dependent on environment, genotype, and 
interactions of both or one of those factors. Drought is also a vague term because timing and 
environmental interaction with the water limitations will affect the phenotype.  
Phenotyping of traits affected by stress should include timing of phenotypic 
measurements as well as environmental conditions. It has been shown that responses to stress are 
not the same during reproductive stages as during early growth stages (Mason et al., 2009). 
Vegetative growth stage response to water limitation is an early osmotic adjustment.  Early 
osmotic adjustment responses to limited water will not measure the plant’s consistent 
performance during grain fill.   Since survival of the plant is of small concern relative to its 
performance during grain fill, grain fill is the appropriate time to measure limited water 
responses.  
Another barrier to having useful limited water tolerance information is the limited 
number of genotypes that have been used for testing. Many water limited traits have been studied 
with no association to grain yield. . While pathway research has potential for long-term value, 
traits with consistent genetic correlations to higher grain yield are of more immediate value.  So, 
while the trait of focus for part of this study is ureide maintenance, the phenotype that it must be 
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correlated with for benefit is grain yield in the proper environment.  Diverse and elite genotypes 
could be significant for identification of useful genetics for stable grain yield QTL in limited 
water for soybeans. This is due to the fact that selection for limited water tolerance has been part 
of breeding objectives indirectly as grain yield across environments. This means there are useful 
genes in current elite cultivars for limited water tolerance.  
Ureide Analysis 
Soybean has been phenotyped for canopy wilt in water-limited environments and 
associated with segregating markers. Markers for canopy wilt were found on chromosomes 14, 
17, 16 and 9 in a study that used three environments and 92 recombinant inbred lines (RILS) 
derived from a cross of Jackson and KS4895 (Charlson et al., 2009). 
 Within soybean cultivars, different reactions in ureide accumulation in water-limited 
environments give evidence of genetic differences for this trait. For example, the soybean 
cultivar Jackson has shown a slower accumulation of ureides in water-limited environments vs. 
other soybean cultivars in the same environment  (Purcell et al., 1998). Therefore, high ureides 
as a phenotype for QTL mapping of water use efficiency in limited water environments may be 
an appropriate phenotype to measure. Another advantage of ureide testing is for a genetic 
correlation with limited water tolerance for a more sensitive early warning system.  It is a 
biochemical reaction within the plant that can be measured before the plant shows visible signs 
of limited water in the field.   
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In 2012 and 2013 Dr. Jim Specht selected lines from the SoyNAM effort to test in a water 
limitation study in Lincoln, Nebraska. Eight exotic plant introduction families were selected for 
their WUE and two common varieties for their lack of WUE.  This was a controlled environment 
that contained the same families in the SoyNAM fields which allows for comparison.  Increased 
WUE of particular lines could be ascertained along with testing ureides as a phenotype for 
selection in the same lines and in two different environments.  
The focus of this paper will be on QTL mapping for grain yield with the maintenance of 
ureides as a response to limited water availability  
 
MATERIALS AND METHODS 
From the crosses between the hub parent IA3023 and three diverse soybean inbred lines, 
42 recombinant inbred lines (RILs) were chosen from the Soybean Nested Association mapping 
project for evaluation of Ureide concentration under irrigated and limited water field conditions. 
The 42 RILs represent samples from three families that showed either little differential or 
considerable differential responses to a water limited environment (Urbana, Illinois, 2011)  and 
an irrigated environment (Lincoln, Nebraska, 2011). In 2011, Urbana, Illinois experienced 
limited precipitation during the growing season (Figure 1).  The sampled RILs were derived 
from the crosses between IA3023 with PI 427.136 (South Korea), PI 404.188A (China) and 
LD00-3309 (a variety released by the University of Illinois). Within each of these families the 7 
highest grain yielding lines and lowest grain yielding lines were selected to be evaluated in a 
differential water supply experiment. 
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Field Plot Design 
Dr. Jim Specht designed a differential water supply experiment to compare the responses 
of the 42 RILs under irrigated and “rain-out” conditions. The experiment was conducted on a 
380 foot by 240 foot tract of land on the East campus of University of Nebraska-Lincoln.  The 
experimental units were arranged in a Split-Split plot design. The whole plots were randomized 
and received adequate water or limited water treatments. The limited water treatments consisted 
of plots that were plastic covered with drip tape underneath to reduce water evapotranspiration 
and restrict rainfall infiltration after July 1st.  The adequate water treatments consisted of plots 
that had no plastic cover and received irrigation dependent on water level in the ground. The 
Sub-Plots are randomized within the main plots and consist of 2-row strips 160 feet long. The 
sub-sub plots are randomized with each two-row sub-sub plot and were 10 feet long with 9 feet 
being planted. The double plots were 9 feet long with one-foot alleyways. They were planted 
150, 000 seed per acre, which is 8.6 (80% viability assumed) viable seed per foot of row in 30-
inch rows.  There was also 20 foot of border rows included for treatment separation.  4,100 feet 
of drip tape was rolled out for the main plots and border plots on either side of the blocks.  23 
plastic sheets, 36 inches wide and 200 feet long covered the 4 replicates.  
Irrigation was scheduled with the use of water level sensors in the field and Soywater 
(http://www.hprcc3.unl.edu/soywater/index.html).  Soywater utilizes Soysim. Soysim is a 
program that simulates soybean grain yield potential and water use plus irrigation requirements 
under non-limiting conditions, assuming both optimal nutrient supply and no grain yield losses 
from abiotic and biotic factors.  Soywater uses field soil information and crop information along 
with SoySim software to predict the crop's irrigation needs. Water was applied to the adequate 
water when water levels were anticipated to affect maximum grain yield potential. In the limited 
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water plastic covered plots, the plastic served to run-off rainfall. Water was applied to limited 
water plastic covered plots to simulate terminal water limitation. This means that plants grown in 
the  limited water main plots were forced to seek and utilize all soil moisture until they had used 
8 inches of plant-available-water (PAW, between Field Capacity and the Permanent Wilting 
Point) in the top four feet.  There is about 2" of PAW per foot of this silty clay loam soil between 
Field Capacity and Permanent Wilting Point.  After exhausting the water in the top four feet, the 
plants were then forced to extract water in the fifth foot and traditionally in the past, plant water 
stress symptoms (lower leaf yellowing & abscission, pod abortion (during R3-R4+), and 
lessened seed-filling (during R5-R6 and 7) become evident at this point (Specht et al., 2001).  
 
Sampling Design 
In 2012, 2 samples were taken from the field in 2 of the replication blocks.  When 
samples were taken from the plot, a plant was randomly selected on each side of the plot and 
each sample was put into a separate burlap sack. One sample was taken during the beginning of 
flowering and the second at the end of pod fill.   Two plants were taken from each of the 16 lines 
and kept separate for grinding and analysis. In 2013, 3 samples were taken, beginning of 
flowering, beginning of pod pill, and towards the end of pod fill.  These samples were taken in 
the same fashion as described above.  
With 5 samples total from both years, both treatments, 2 replication blocks, 2 plants from 
each genotype, 3 families and 14 lines in each family  plus 2 for checks there were 1,920 samples 
for the duration of the experiment.  
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(5 sample days for both years x 2 treatments x 2 replication blocks x 2 plants x 16 lines per 
family x 3 families  = 1,920 samples) 
 
Ureide Assays 
Ureide measurements were analyzed on a per plant basis by cutting the plant’s main stem 
at the ground, drying within an hour of cutting, primary grinding on a Wiley mill, secondary 
grind on an Udi mill and lastly Ureide analysis at the University of Arkansas in the lab of Dr. 
Larry Purcell with the method describe by Lukaszewski (Lukaszewaki et al., 1992).   The data 
that is generated is a concentration of ureides in the ground sample from the whole plant cut at 
the base of  stem.   
 
Marker Assays 
5,600 SNPs were sent for genotyping to the USDA Lab on the 42 lines and 3 families.  
Allele calls were made on 5, 305 different markers for 40 families. These allele calls included 
major allele, minor allele, heterozygous allele calls or missing allele calls for a marker with there 
being calls for that same marker in other lines.  Examined by family, all lines were compared to 
the hub parent IA 3023. If the allele differed from IA 3023 it was considered to be from the 
second parent in the family. For QTL analysis with rQTL, data was changed in this way so that 
“A” then reflected homozygosity for the hub parent or reference parent and “B” reflecting 
homozygosity for the “other parent” (Broman et al., 2003). Heterozygous allele calls were 
deleted along with markers that only had data for one parent, this resulted in a reduction to 4,306 
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markers that were polymorphic in at least one line from the 3 families used in the  NAM data. R 
code to change all markers from major to minor alleles to referencing IA3023 hub parent was 
written and executed in R code by Reka Howard from the George F Sprague Population Genetics 
group at Iowa State University.  
a. !!|!! =   ! + !!!! + !"!! +   !! 
b. !!|!!= phenotype given gentoype 
c. !!!  = -1, +1 according to whether !! is aa (for IA3023), bb (Other Parent).  
 
QTL Analysis 
BLUP values for each of the treatment types and for the combined analyses were merged 
with genotypic data for each of the 42 RILs.  The resulting data sets were used to identify 
significant associations between BLUP values for yield with segregation of marker genotypes, 
i.e. QTL.  Explicitly, QTLs were identified using the composite interval mapping function 
implemented in rQTL (Broman, 2013) with a blocking window of 20 cM. Three co-factors or 
other markers that were associated with the trait were selected by forward and backward 
regression with a p value of  .01. This is the use of interval mapping with regression to reduce 
background noise. This is also called composite interval mapping or CIM.  
Data Analyses of Phenotypes 
Distribution of ureides necessitated a logarithmic transformation of ureides.  
Distributions are shown in Figures 3.2-3.6.  Higher ureides were found in adequate water 
samples vs. water limited. Analysis of ureide levels by growth stage or maturity revealed the 
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highest levels toward the beginning/middle of pod fill (R5 until R6) (Table 3.3).   The model for 
analysis is below.  
 
• !!!!!!!! =   !  +   !! +   !!       +  (!")!!!!     +   !!!!!!!   
 
!!!!!!!! represents ureide concentration or yield evaluated at the water limited or the adequate 
water treatment , mu is a fixed effect parameter for the overall mean, gi represents genotype i, i, 
ri represents year i, bi represents block or rep which is field variability, !!!!!!!  represents error.  
The model was implemented using the Lme4 package in R (Bates et al., 2007) to obtain Best 
Linear Unbiased Predictors of yield for use in QTL analyses.   
 
Results 
ANOVAs were created for grain yield for the Nebraska data for yield and for ureides. All 
parts of the yield model were significant including field variability. In an examination of only the 
check varieties planted in each plot across all replications, field variability was not significant for 
grain yield variance. The ureide model did not show significance in field variability (Table 3.2). 
The significance of year in the ureide model was due to the last sampling in the second year of 
the experiment. The third sample was not taken in the first year and this sample was considerable 
lower in ureides due to the advanced maturity of the soybean plants. The ANOVA for ureides 
(Table 3.2)  showed significance for timing of  sampling and treatment effects. It also showed 
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significance for family indicating the three families are different in ureide concentrations. Within 
the adequate water treatment the lines selected for high grain yield continued to be the highest 
grain yielding lines. However, within the water-limited treatment this was not true.  The water-
limited treatment changed the grain yield rankings for these lines (Table 3.4). 
Six Ureide QTL were detected.  Two of the six were detected in the limited water 
treatment.  Families PI 427136 had no ureide QTL detected.  Family PI404188A had three of 
these QTL.  
13 Yield QTL were detected. Seven of these were in the limited water treatment.  PI 
427136 had four of these QTL. PI 404188A also had four of these QTL  (Table 3.4). 
For ureides and yield in water-limited environments there were QTL located on 
chromosome 2,  (Figure 3.6) which was also close to another documented gene call for ureides. 
This gene call (Glyma02g17490.2) (Raychaudhuri and Tipton, 2002) correlates to the HUHase 
pathway.   Yield QTL were also found on Chromosome 3, which was close to a QTL for drought 
tolerance in a population created with the cultivar Benning and PI 416937 (Varpentieri-Pipolo et 
al., 2011). Yield QTL in adequate water environments corresponding to a study in flooding 
tolerance were located on chromosome 13 (Nguyen et al., 2012) (Table 3.5 and Figures 3.7 -
3.12).  
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Discussion 
Using the information from phenotypic rankings, marker recombination and QTL the PI 
427136 family has significant regions for water-limited environments. LD00-3309 has some 
regions of interest but looking at marker data closely reveals the regions of interest have several 
recombinant areas with IA 3023.  PI404188A family has the most regions of interest for 
adequate water environments.  Results would be more conclusive with a larger number of RILs 
per family. A small number of RILs was used for QTL detection. There were 14 RILs per family 
analyzed with a BLUP for QTL detection.  Correlation with ureide concentration and grain yield 
in adequate water environments is .07 suggesting that the correlation for traits is only significant 
in water limited environments and is not a predictor of yield with adequate water.  There were no 
QTL for ureide and yield found in the same family for water limited environments. This would 
have been the most conclusive evidence that maintenance of ureides produces greater yield in 
limited water environments.  
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CHAPTER 4 
SUMMARY AND CONCLUSIONS 
On chromosome 18 in family LD00-3309 a yield QTL was detected  in limited water 
environments in Nebraska,  in family PI 427136 in the same region for limited water 
environments in the water limited SoyNAM cluster, and in Soybase there are yield QTL detected 
in the same region (Table 4.1). This was the QTL with the highest probability in both the 
SoyNAM and the Nebraska experiments and aligning with another QTL found on Soybase gives 
promise for a region containing yield QTL for limited water in soybean.  
On chromosome 7 there were ureide and yield QTL found in the region for limited water 
along with yield QTL and a drought index QTL on Soybase. This is also a promising region for 
yield in water limited environments and possibly a correlation with the ureide pathway for 
confirmation of water limited effect on lines.  
Chromosome 17 contained the highest probability for QTL for adequate water in the 
SoyNAM, the Nebraska field study and seed yield QTL from Soybase.  
According to ranking BLUPs (Table 3.4), using the model used for QTL mapping, 
PI427136 has the most appearance in top ranks. No area for QTL for water limited environments 
had a high probability. The disparity could be the small sample size, low genomic diversity in 
areas controlling ureide mechanisms, or another mechanism that we are unaware of at this time.  
QTL for highly quantitative traits are not consistent across environments. Genetic by 
environment interaction should be reduced for more consistency.  Detection of rank changes and 
clustering lines based on similar line behavior across environments is the method used here. This 
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approach was used for QTL detection along with the QTL mapping of multiple traits like ureides 
and yield in this research. When multiple traits are found in the same regions, this can translate 
into regions of interest for yield in specific environments.  If the trait of yield is the accumulation 
of favorable QTL for a specific environment of growth then the approach of clustering 
environments and locating correlating traits could give a more accurate idea of areas of interest 
in the genome. 
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